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Introduction
Supplementation with fish oil rich in ω-3 polyunsaturated fatty acids (PUFAs) has been reported to protect the heart from ischaemia-induced injury (Calder, 2010) . Myocardial infarction (MI) promotes an inflammatory response, and it has been thought that the beneficial effects of ω-3 PUFAs in these conditions are mainly attributable to its anti-inflammatory properties. The anti-inflammatory effects of fish oil are attributed to eicosapentaenoic acid (EPA; 20:5, and docosahexaenoic acid (DHA; 22:6, , the main ω-3 PUFAs found in fish living in cold water. ω-3 Polyunsaturated fatty acids have also been reported to modulate the production of inflammatory markers, including growth factors, matrix proteases, chemokines and cytokines (Nodari et al. 2011) . However, ω-3 PUFA-rich fish oils have pleiotropic effects on the cardiovascular system, including endothelial relaxation, anti-arrhythmic, antithrombotic, anti-atherosclerotic, blood pressure-lowering, antifibrotic and anti-inflammatory effects (Mozaffarian & Wu, 2011; Nodari et al. 2011) . In addition, ω-3 PUFAs affect potassium channel activity and nitric oxide (NO) production, reduce mitochondrial permeability transition pore (mPTP) opening and have antioxidant effects in the heart infarction (Abdukeyum et al. 2008; Madingou et al. 2016) . Nevertheless, the effect of ω-3 PUFAs on heart metabolism in ischaemia has not yet been investigated.
We investigated whether ω-3 PUFA-rich fish oil supplementation before the induction of infarction has beneficial effects on the recovery of heart function. Changes in heart inflammation and metabolism were evaluated to address the possible mechanisms involved. Soybean oil is rich in α-linoleic acid (ω-6 PUFA), which is widely recognized as a precursor of pro-inflammatory mediators and induces inflammation; conversely, as mentioned above, ω-3 PUFAs have anti-inflammatory properties. We compared the effects of fish oil with those of soybean oil to address the involvement of inflammation in the heart ischaemia-induced injury and dysfunction.
Methods

Ethical approval
All experimental procedures were conducted according to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health and complied with the principles and regulations as previously described (Grundy, 2015) . The Ethics Committee in Animal Research of the Institute of Biomedical Sciences, University of Sao Paulo, approved this study (protocol no. 115/09),
Animals
Male Wistar rats (weighing 300-350 g) were obtained from the Department of Physiology and Biophysics, Institute of Biomedical Sciences, University of São Paulo. Animals were housed in a 12 h-12 h light-dark cycle at 23 ± 1°C, with free access to water and standard rodent chow pellets (NUVILAB CR-1, Nuvital, Curitiba, PR, Brazil).
The method of killing used was barbiturate (thiopental) overdose; a dose three times higher than the usual one used to induce general anaesthesia. The cessation of any vital signs was the indication of death. Cardiac puncture was performed in dead animals. Briefly, after the induction of anaesthesia and confirmation of the cessation of the vital signs, thoracotomy was performed, and with the use of a 25-gauge needle and a 25 ml heparinized syringe, a blood sample was withdrawn from the left ventricle (LV).
Gavage procedure
Rats with and without infarction were treated with saline, fish oil or soybean oil (Fig. 1) . The oil or saline was administered daily by gavage [3 g (kg body weight)
−1 ] for 20 days before infarction. The volume of oil given by gavage daily was 0.9-1.0 ml per animal.
High-performance gas chromatographic analysis of free fatty acids (FFAs)
The lipids were extracted from the fish oil, soybean oil and the heart LV as previously described (Folch et al. 1957) . Fatty acid methyl ester analysis was performed using a 2010 Plus Shimadzu Workstation gas chromatographer (Shimadzu, Barueri, SP, Brazil) equipped with a split injection port, flame ionization detector, fused silica capillary column (SP-2560 of 100 m × 0.25 mm i.d.), and film thickness of 0.25 μm. The samples (1.0 μl) were injected in the split mode (split ratio 1:50). Helium was used as a carrier gas, and the FFAs were separated using a 4°C min −1 gradient from 140 to 240°C. The injector and detector temperatures were set at 250 and 260°C, respectively. Peak identification was performed by comparing the relative retention times with those of a commercial standard mixture 189 19 (Sigma, St Louis, MO, USA). The results were expressed as a percentage of the total FFAs. The same procedure was used in our previous studies Marzuca-Nassr et al. 2016) .
Composition of the fish oils
Hi-Omega TM fish oil from Naturalis (São Paulo, SP, Brazil) was used as source of ω-3 PUFAs, whereas soybean oil from Bungue (São Paulo, SP, Brazil) was used as source of ω-6 PUFAs. The composition of FFAs in the fish oil used was as follows: 0.83% saturated, 2.46% mono-unsaturated, 87.61% ω-3 PUFA, 6.7% ω-6 PUFA, and an ω-6/ω-3 PUFA ratio of 0.076. The composition of FFAs in the soybean oil used was as follows: 14.78% saturated, 53 .23% ω-6 PUFA, and an ω-6/ω-3 PUFA ratio of 7.8 (Table S1 ).
Myocardial infarction
Anaesthetized rats [80 mg (kg body weight) −1 ketamine (Francotar R , Virbac do Brasil Indústria e Comércio Ltda., Roseira, SP, Brazil) and 12 mg (kg body weight) −1 xylazine (Vibraxy R , Virbac do Brasil Indústria e Comércio Ltda), I.P.] underwent surgical occlusion of the left descending coronary artery, which resulted in MI. Surgical occlusion of the left descending coronary artery was performed between 17.00 and 19.00 h, as previously described (Zornoff et al. 2009; de Souza Junior et al. 2015; Malfitano et al. 2015) . Briefly, after intubation, animals were positive-pressure ventilated with room air at 150 ml, 120 breaths min −1 , with a pressure-cycled rodent ventilator (model 683; Harvard Apparatus, Holliston, MA, USA). For induction of MI, left thoracotomy was performed, the third intercostal space dissected and the heart exposed. The left descending coronary artery was occluded with a single nylon (6.0) suture at 1 mm distal to the left atrial appendage. The non-infarcted animals underwent the same procedures except that myocardial ischaemia was not induced (sham surgery). The chest was closed using a silk suture. The animals were maintained under ventilation until recovery. All groups received standard laboratory chow and water ad libitum after surgery. The mortality rate of the animals undergoing this procedure was ß30%.
Cardiac function and MI area determination
Ejection fraction (EF), fractional shortening (FS), velocity of circumferential fibre shortening (VCF), normalized isovolumetric relaxation time, normalized peak E deceleration time, and peak E/peak A ratio of mitral flow were determined according to the guidelines of the American Society of Echocardiography. The MI size was estimated on the basis of subjective identification of akinesis and dyskinesis areas of myocardium. The same measurements were reported in our previous studies Malfitano et al. 2015) .
Blood measurements
After a 6 h fast, blood samples were collected immediately post mortem via cardiac puncture and kept in tubes containing EDTA. The blood collected was centrifuged at 1,700 g for 15 min at 4°C, and the serum was separated and frozen. Total cholesterol, high-density lipoprotein and low-density lipoprotein were determined using a commercial kit (Bioclin, Belo Horizonte, MG, Brazil). The very low-density lipoprotein concentration was estimated by dividing the triglyceride content by five A. L. de Souza Junior and others (Friedewald et al. 1972) . Non-esterified FFA concentration was evaluated using the NEFA-HR kit (Wako Diagnostics, Richmond, VA, USA) in a spectrophotometer (Spectra Max Plus 384; Molecular Devices, Sunnyvale, CA, USA). Activity of creatine kinase in plasma was measured at 37°C using a commercial kit (Bioclin). The complement fractions of plasma C3 and C4 were determined using the turbidimetric method (Müller-Eberhard, 1975) . Enzyme-linked immunosorbent assay was used to determine the plasma C-reactive protein (CRP) concentration. Duo-set kit for CRP was purchased from R&D Systems Inc. (Minneapolis, MN, USA).
Caspase-3 activity assay
Caspase-3 activity and the cytokine levels were measured in a transverse slice of the LV containing both ischaemic and non-ischaemic areas (equator and apex regions of LV). Zornoff et al. (2009) reported that in this MI experimental model, infarction at the apex is more intense than that at the base of the left ventricle. Furthermore, necrotic areas of LV frozen slices have a different colour (whitish) when compared with the non-necrotic area. Samples of LV (50 mg) were homogenized in extraction buffer (Caspase-3/CPP32 Fluorometric Assay Kit; BioVision, Milpitas, CA, USA) using a Polytron PT 3100 at position 3/4 (Littau-Luceme, Switzerland). The homogenates were centrifuged at 26,000 g for 20 min at 4°C. The caspase-3 activity was measured using the synthetic fluorogenic substrate DEVD-AFC. Briefly, the reaction was performed in optimal activity buffer. The release of AFC from the substrate was measured after 1 h as emission at 505 nm upon excitation at 400 nm using a fluorescence reader (Synergy HT, Bio-Tek, Winooski, VT, USA).
Cytokine levels
Enzyme-linked immunosorbent assay was used to determine LV cytokine levels. Duo-set kits for TNF-α, IL-1β, CINC-2α/β, IL-6, IL-10 and MIP-3 were purchased from R&D Systems. A similar procedure was used in our previous studies Malfitano et al. 2015) .
Left ventricular ATP, lactate and glycogen contents
Tissue slices from the non-necrotic area of the LV were stored in liquid nitrogen before metabolite determinations. The tissues were homogenized in a Polytron PT 3100 at position 3/4. Perchloric acid aqueous solution (0.6 N) was used as the extraction medium, and the supernatant was neutralized with K 2 CO 3 (1 M) aqueous solution. The ATP concentrations in the supernatant were determined using an ATP determination kit (Thermo Fisher Scientific, Waltham, MA, USA). The 96-well plates were read using a Biotek Synergy HT microplate reader. A standard curve was prepared using solutions of known ATP concentrations (30, 15, 1.5, 0.15, 0.015, 0.003 and 0.0015 μM). The ATP contents were calculated as micromolar and expressed on a tissue weight basis.
Heart LV glycogen content was determined according to Kepler & Decker (1974) . This method is based on the conversion of glycogen to glucose by amyloglucosidase (Sigma). Glucose from glycogen was quantified using a glucose determination kit (Bioclin). The glycogen content was calculated as milligrams of glycosil units per gram of LV wet weight. Lactate contents were determined using a Lactate UV enzymatic kit (Bioclin). Similar procedures were used in our previous studies Malfitano et al. 2015) .
RNA extraction and quantitative real-time polymerase chain reaction (qPCR)
Total RNA from the LV was extracted with TRIzol reagent (Thermo Fisher Scientific). The resulting RNA pellet was resuspended in 100 μl molecular biology grade water and further purified in a RNA clean-up column according to manufacturer's instructions (RNeasy MinElute Cleanup Kit; Qiagen, São Paulo, SP, Brazil). The extract was analysed for purity on agarose gel and 260/280 and 260/230 nm ratios in a Nanodrop (Thermo Fisher Scientific). Total RNA was reverse transcribed to cDNA using the High-Capacity cDNA Kit (Applied Biosystems, São Paulo, SP, Brazil). Gene expression was evaluated by qPCR using a Rotor Gene (Qiagen), Sybr Green as the fluorescent dye and glyceraldhyde 3-phosphate dehydrogenase (GAPDH) as the housekeeping gene. Primer efficiency was evaluated using a standard curve with different cDNA concentrations. After properly setting the baseline and the threshold, the slope of the standard curve was translated into an efficiency value. Primer efficiencies ranged between 90 and 100%.
Left ventricular blood flow measurement
Rats were anaesthetized with a mixture of ketamine [80 mg (kg body weight)
−1 ] and xylazine [12 mg (kg body weight)
−1 ]. A solution containing microspheres (300,000 in 180 μl) was infused into the left ventricle through a catheter extension P50 tube connected to a syringe with prewarmed saline (40°C) containing Tween 80 (0.01%). Another cannula placed in the abdominal aorta was connected to a pre-heparinized syringe for reference blood sample withdrawal. The withdrawal of the reference blood sample was started 10 s before microsphere infusion and followed continuously for 75 s at a flow rate of 0.5 mm min −1 . After microsphere infusion, the animals were killed with an overdose of thiopental and the heart was removed to determine LV blood flow.
The reference blood and LV samples were processed according to a technique adapted from Hakkinen et al. (1995) . Briefly, sodium hydroxide solution (2 N) was added to the samples and placed in a water bath at 70°C for 2 h. The samples were agitated (Vortex Maxi Mix II; Thermolyne, Dubuque, IA, USA) every 15 min and centrifuged at 2000g for 30 min. The absorbance of the supernatant was determined in a spectrophotometer (DU-640; Beckman Instruments, Inc., Fullerton, CA, USA) using a 200 μl quartz cuvette (Sigma). The absorbance spectrum peak of the microsphere was 370 nm. The minimal acceptable absorbance was 0.01 a.u. The LV blood flow rates were calculated according to Hakkinen et al. (1995) .
Statistical analysis
Results are presented as means ± SD. One-way ANOVA followed by the Newman-Keuls multiple comparison were used for comparisons among the groups. Differences were considered significant at P ࣘ 0.05 for all measurements.
Results
Body weight, food intake and calorie intake
A slight decrease (by ß10%) in food intake was observed in rats on either fish oil or soybean oil compared with saline (22.35 ± 1.02 versus 22.35 ± 0.64 versus 24.90 ± 0.20 g day −1 of chow, respectively). Total calorie (sum of calories from food and oils) and water intake was not affected by either fish oil or soybean oil (data not DTA(n-6) (g/100 g of tissue)
DPA (n-6) (g/100 g of tissue)
P < 0.01
P<0.01 P < 0.001 P < 0.001
Figure 2. Fatty acid composition of the left ventricle from rats with or without MI pretreated with saline, fish oil or soybean oil Results are presented as means ± SD of the percentage of total fatty acids (in grams per 100 g tissue). n = 5 for each group. One-way ANOVA followed by the Newman-Keuls multiple test was used for comparison among the groups.
A. L. de Souza Junior and others shown). Animals receiving either fish oil or soybean oil did not have any clinical signs of toxicity, such as diarrhoea or body weight loss.
Plasma lipid concentrations
Myocardial infarction led to an increase in plasma triglyceride (75.8 ± 24.6 versus 43.7 ± 8.2 mg dl −1 ), total cholesterol (52.6 ± 10.9 versus 35.6 ± 6.1 mg dl −1 ) and FFAs (0.37 ± 0.14 versus 0.18 ± 0.04 mmol l −1 ) concentrations compared with the saline non-infarcted group (Table S2) . Fish oil supplementation reduced plasma triglyceride (48.9 ± 15.8 versus 75.8 ± 24.6 mg dl −1 ) and very low-density lipoprotein (8.8 ± 1.8 versus 15.2 ± 6.4 mg dl −1 ) concentrations and increased high-density lipoprotein concentrations (16.1 ± 4.4 versus 10.9 ± 0.8 mg dl −1 ) compared with the MI group on saline. Compared with soybean oil, treatment with fish oil decreased plasma total cholesterol concentrations (45.4 ± 10.2 versus 56.6 ± 4.7 mg dl −1 ) in the MI group. Both fish oil and soybean oil had no significant effect on plasma FFA concentrations. The results are presented as means ± SD of six rats.
Left ventricular fatty acid composition
Fish oil supplementation increased eicosapentaenoic acid (EPA; ω-3 PUFA), docosapentaenoic acid (DPA; ω-3 PUFA) and docosahexaenoic acid (DHA; ω-3 PUFA) levels in the LV of rats with and without MI (Fig. 2) . Concomitantly, fish oil decreased arachidonic acid (AA; ω-6 PUFA) levels in the LV of rats with MI, docosatetraenoic acid (DTA; ω-6 PUFA) in rats without MI, and docosapentaenoic acid (DPA; ω-6 PUFA) in the LV of rats with and without MI.
Heart ischaemic injury markers
Ligation of the left descending coronary artery led to an infarct size of 28.7% of the LV circumference. The infarct size was 21 and 26% lower in the fish oil when compared with the saline and soybean oil groups (22.8 ± 7.6 versus 28.7 ± 5.3 or 30.8 ± 11.35), respectively. Soybean oil administration had no significant effect on the infarct size compared with saline (Fig. 3A) . The results are presented as means ± SD of 10 rats.
Plasma creatine kinase activity was measured as an indicator of the extent of myocardial injury. Plasma creatine kinase activity was lower in rats on fish oil (410 ± 112.6 versus 759 ± 168 versus 649 ± 129 U l −1 , respectively) compared with those on saline or soybean oil (Fig. 3B) . The results are presented as means ± SD of 6 rats.
The activity of caspase-3 in the LV was three times higher in rats with MI compared with those . Infarct size (A; n = 10 rats per group), plasma creatine kinase activity (B; n = 6 rats per group) and caspase-3 activity in the left ventricle (C; n = 6 rats per group) from rats with and without MI, pretreated with saline, fish oil or soybean oil Results are presented as means ± SD. One-way ANOVA followed by the Newman-Keuls multiple test was used for comparison among the groups. Abbreviation: LV, left ventricle. Results are expressed as means ± SD. n = 4-13 rats per group. Results are shown for ejection fraction (EF), fractional shortening (FS), velocity of circumferential fibre shortening (VCF), normalized isovolumetric relaxation time (nIVRT), normalized peak E deceleration time (nEDT), peak E/peak A ratio of mitral flow (E/A ratio) and heart rate (HR). * P < 0.05 versus saline-treated non-infarcted rats; † P < 0.05 versus saline-treated infarcted group. One-way ANOVA and Newman-Keuls post hoc test were used for statistical analysis.
without MI [50.4 ± 27 versus 14.9 ± 3.4 a.u. (mg protein) −1 ]. The increase in the caspase-3 activity caused by MI was prevented by pretreatment with fish oil [20.50 ± 3.7 a.u. (mg protein) −1 ; Fig. 3C ]. The results are presented as means ± SD of six rats per group.
Left ventricular TNF-α, IL-1β, CINC-2α/β and MIP-3 contents
Ischaemia promoted an increase of TNF-α, IL-1β, CINC-2α/β and MIP-3 contents in the LV by 5.0-, 1.8-, 3.8-and 6-fold, respectively, compared with the saline non-infarcted group. Soybean oil supplementation increased TNF-α [670 ± 220 pg (mg protein)
−1 ], IL-1β [1058 ± 345 pg (mg protein)
−1 ] and CINC-2α/β [802 ± 97 pg (mg protein)
−1 ] levels compared with the MI group on saline [397 ± 73, 656 ± 156 and 521 ± 146 pg (mg protein) −1 , respectively; Fig. 4A , 4B and 4C]. Soybean oil promoted an increase of IL-6 in MI group when compared with non-infarcted group with the same treatment. Both oil supplementations did not change IL-10 level in the LV from MI and non-infarcted groups. Fish oil supplementation did not affect the levels of the cytokines compared with the MI group on saline. However, an increase in the LV MIP-3 levels was observed in infarcted rat with fish oil as compared with the MI group on soybean oil and the non-MI group on fish oil (Fig. 4F ).
Plasma concentrations of C3 and C4 complement fractions and CRP
Ischaemia increased plasma C3 and C4 concentrations in all groups compared with rats without MI pretreated with saline. No difference in plasma CRP concentration was observed among the saline, fish and soybean oil supplementations in MI and non-MI rats. Both oil supplementations did not change the levels of the plasma inflammatory proteins (Fig. 5A-C) .
Glycogen, ATP and lactate contents in the LV
Glycogen contents were decreased by fish oil supplementation in rats without MI (Fig. 6A) . Fish oil supplementation increased ATP contents in the LV of the animals without MI compared with those in the saline or soybean oil groups. These results remained unchanged even after MI (Fig. 6B) . Lactate contents were increased in the LV of the MI group supplemented with fish oil compared with those in the saline or soybean oil groups (Fig. 6C) .
Left ventricular function
The reduction in ejection fraction (EF) induced by infarction was attenuated by the fish oil administration (56.40 ± 11.61 versus 70.75 ± 3.59%) in comparison to those without it (43.88 ± 10.24 versus 70.75 ± 3.59%). The fish oil administration increased the EF by 15% compared with saline (81.00 ± 4.52 versus 70.75 ± 3.59%) in animals without MI (Table 1) Results are presented as means ± SD. n = 4-8 rats per group. One-way ANOVA followed by the Newman-Keuls multiple test was used for comparison among the groups.
expressions were significantly increased, whereas PKD4 mRNA levels were only slightly increased after coronary artery ligation (Fig. 7A ). Gene expressions of iNOS and eNOS were increased in the LV of rats with MI pretreated with fish oil (Fig. 7B) . VEGF-α, GLUT1 and HIF1 gene expressions were slightly increased by fish oil compared with saline (Fig. 7B) . Fish oil also increased p53 gene expression. 
Blood flow changes in the LV of infarcted rats pretreated with fish oil
Ischaemia reduced blood flow in the LV by 77% [0.8 ± 0.3 versus 3.5 ± 0.5 ml min −1 (g wet tissue)
−1 ]. Fish oil supplementation prevented the blood flow decrease induced by the MI [2.7 ± 1.44 versus 3.5 ± 0.50 ml min −1 (g wet tissue) −1 ; Fig. 8] . No difference in the LV blood flow between the non-MI and MI groups pretreated with fish oil was found. Genes on the right side (>1) had increased expression, whereas genes on left side (<1) had decreased expression in relationship to non-infarcted and saline-treated rats; n = 8 for each group. Abbreviations: Bcl 2, B-cell lymphoma 2; Citr Synt, citrate synthase; eNos, endothelial nitric oxide synthase; Fas, Fas receptor; GLUT1, glucose transporter 1; Glyc Phos, glycogen phosphorylase; Hex, hexokinase; HIF1, hypoxia inducible factor 1, iNos, inducible nitric oxide synthase; MG53, mitsugumin; p53, cellular tumour antigen p53; PDK4, pyruvate dehydrogenase kinase 4; PFK, phosphofructokinase; UCP3, uncoupling protein 3; and VEGF, vascular endothelial growth factor. Values are expressed as means ± SD. Non-parametric Student's t test was used for comparison between the saline-pretreated infarcted group and fish oil-pretreated infarcted rats.
Glycogen
Discussion
Pretreatment of infarcted rats with fish oil had the following effects: (i) decreased plasma triglyceride and very low-density lipoprotein concentrations and increased plasma high-density lipoprotein concentrations; (ii) reduced the infarct size; (iii) attenuated systolic dysfunction; (iv) decreased the ω-6/ω-3 PUFA ratio in the LV; (v) increased eNOS, iNOS, VEGF-α, GLUT1, HIF1 and p53 mRNA expressions in the LV; (vi) increased ATP content in the LV; (vii) prevented the decrease in coronary blood flow; (viii) decreased glycogen content in the LV; and (ix) had no marked effects on levels of pro-inflammatory cytokines in the LV and on plasma concentrations of C3, C4, and CRP. Both EPA and DHA significantly reduce plasma triglyceride concentrations (Wei & Jacobson, 2011) , but Jacobson et al. (2012) reported that DHA is more efficacious in reducing plasma triglyceride concentrations compared with EPA. Herein, fish oil containing a high content of DHA reduced triglyceride plasma concentrations, as one could expect.
Cardiomyocyte death occurs through three overlapping mechanisms, namely necrosis, apoptosis and autophagy. Necrosis is the most common form of cell death 24 h after ischaemia, followed by apoptosis, which achieves maximal intensity within 48 h and persists for up to 7 days. Autophagy usually starts after several months and persists for years (Frangogiannis, 2015) . The survival rate of cardiomyocytes during an ischaemic episode depends on the time taken to restore heart blood flow (ischaemia time) and the inherent resistance of cardiomyocytes to hypoxia (Kloner & Longrace, 2011) . Pretreatment with fish oil reduced the infarcted size area by 21 and 26% within 24 h of ischaemia, compared with the saline and soybean oil groups, respectively. This decrease was accompanied by a 46% reduction in plasma CK activity and a decrease in the LV caspase-3 activity. These results point to an inhibitory effect of the pretreatment with fish oil on necrosis and apoptosis of cardiac cells induced by ischaemia. Otsuji et al. (1993) induced a permanent ligation of the left coronary artery in dogs supplemented with EPA [100 mg (kg body weight) −1 daily] for 8 weeks and observed a 31% reduction in the MI area compared with control animals. Rabbits supplemented with EPA [600 mg (kg body weight) −1 daily] in the form of ethyl ester for 2 weeks had a 70% reduction in MI size compared with animals that received no supplement (Ogita et al. 2003) . However, the resistance of the heart to ischaemia varies according to the animal species used in the experiment (Hearse, 1998) .
Fish oil pretreatment increased EPA and DHA levels in the LV by 2.5-fold. Pretreatment with fish oil attenuated the decrease in the EF and FS caused by MI. In addition, fish oil increased the EF and FS in the non-MI group. These findings combined suggest that systolic function is in some way preconditioned by fish oil supplementation.
Fish oil supplementation increased the content of ATP in the non-necrotic area of the LV. ω-3 Polyunsaturated fatty acids have been reported to improve mitochondrial function and to reduce production of reactive oxygen species and in vitro and in vivo mitochondrial fusion (Zhang et al. 2011; Gao et al. 2015; Shi et al. 2016) . Zhang et al. (2011) used an in vitro steatotic hepatocyte model and reported increased mitochondrial fusion and ATP levels and reduced production of reactive oxygen species. Hearts from ω-3 PUFA-supplemented rats had improved recovery of heart function, reduced ischaemia-induced injury area, increased mitochondrial respiratory activity and attenuated lipid peroxidation (Gao et al. 2015) . Fish oil decreased glycogen contents and did not affect the lactate contents in the LV of the non-MI group, possibly through increased mitochondrial oxidative activity. The increased ATP content in the LV of fish oil-pretreated rats might result from this latter metabolic feature. Glucose from glycogen is the main substrate for ATP production in the heart during ischaemia (Abozguia et al. 2009 ). Incorporation of ω-3 PUFA in cardiomyocyte membrane decreases oxygen consumption by reducing the activity of Na + and K + transporters in the plasma membrane (McLennan & Abeywardena, 2005; Ruf & Arnold, 2008) . Thus, increased LV ATP contents might have resulted from the combined effects of ω-3 PUFA on mitochondrial function and decrease in energy consumption. Accordingly, increased mRNA expressions of GLUT1 and HIF1 in the LV of animals with MI were observed. Increased LV ATP content might explain the small necrotic area and improved pump function A. L. de Souza Junior and others observed in infarcted hearts from fish oil-treated animals. To our knowledge, the effects of fish oil rich in ω-3 PUFA on ATP contents in the heart has not been reported before.
The maintenance of coronary blood flow is another protective mechanism to reduce the necrotic area. The blood flow assures a nutrient and oxygen supply to cardiac cells in order to ensure ATP production and, consequently, cell viability. Fish oil rich in EPA increased eNOS and iNOS mRNA levels in the LV of rats with MI. Nitric oxide is widely recognized as a potent vasodilator agent (Moncada et al. 1991) . ω-3 Polyunsaturated fatty acids stimulate NO production in isolated coronary artery endothelium (López et al. 2004; Li et al. 2007) . Omura et al. (2001) described increased NO production in endothelial cells treated with EPA, an effect not seen with DHA or DPA. Mice fed with a diet containing 5% fish oil for 8 weeks had an increase in eNOS mRNA levels and activities in the aorta. The effect of fish oil on coronary blood flow was at least partly mediated by NO production. However, ω-3 PUFA might generate active molecules in the coronary and mesenteric arteries (Zhang et al. 2001; Hercule et al. 2007) . Therefore, the benefical effects reported here might be attributable to metabolites generated from ω-3 PUFA metabolism or to the fatty acids per se.
Fish oil treatment did not alter the content of pro-inflammatory cytokines in the LV of animals with MI. In contrast, IL-1β, TNF-α, CINC-2α/β and IL-6 levels were increased by soybean oil pretreatment in the LV from animals with MI. Other researchers also reported no marked changes in inflammation by ω-3 PUFA supplementation. Using a rat model of spinal cord injury, Hall et al. (2012) described that DHA and EPA confer neuroprotection without affecting IL-1β, TNF-α and CINC-2α/β levels in the spinal cord and plasma 4 and 24 h post-injury. In those studies, the reasons for the absence of anti-inflammatory effects of ω-3 PUFA supplementation were not discussed. Fish oil supplementation had no effect on the inflammatory response, despite the fact that MI promoted an elevation of the LV pro-inflammatory cytokine levels (Fig. 4) . Fish oil is rich in ω-3 PUFA, but it also contains a high proportion of saturated fatty acids. These latter fatty acids can bind to TLR4 and activate intracellular pro-inflammatory signalling. We speculate that in certain conditions, such as in MI, the pro-inflammatory effects of the saturated ω-3 PUFA-rich fish oil supplementation mRNA levels (iNOS, eNOS, HIF-1α, GLUT 1, VEGF-α p53) Figure 9 . Beneficial effects of ω-3 polyunsaturated fatty acid (PUFA)-rich fish oil ω-3 Polyunsaturated fatty acid-rich fish oil supplementations before myocardial infarction decreased the ω-6/ω-3 PUFA ratio and glycogen content in the LV and increased ATP levels and the ejection fraction in the heart (preconditioning effects). After induction of MI: the infarct size, creatine kinase activity and caspase-3 activity decreased; ATP, lactate and mRNA levels of iNOS, eNOS, HIF1α, GLUT1, VEGF-α and p53 were increased in the LV by fish oil pretreatment. Coronary blood flow was preserved, whereas LV pro-inflammatory cytokine levels and plasma C3, C4 and CRP concentrations did not change with ω-3 PUFA-rich fish oil pretreatment.
fatty acids abolish the anti-inflammatory actions of the ω-3 PUFA.
The inflammatory response does contribute to the extension of the cardiac injury in the ischaemiareperfusion experimental protocol (Piper et al. 2004; Anzai, 2013) . However, in the present study, there was no close association between infarct area extension and the intensity of the inflammatory response. Left ventricular inflammation was clearly more intense in the heart of the soybean oil-fed rats, but the heart infarcted area of this group was not different from that of the control rats. On the contrary, the infarcted area was smaller in the group supplemented with fish oil, compared with control rats, even with no decrease in the inflammatory process.
The complement system is activated in the infarcted heart and might contribute to inflammatory signalling by directly inducing a pro-inflammatory response and so exacerbating the cardiomyocyte necrosis (Pinckard et al. 1975; Kempf et al. 2012) . Complement inhibition attenuates myocardial necrosis and reduces infarct size in a variety of animal models of reperfused MI (Buerke et al. 1975; Horstick, 2002) . In the present study, the coronary ligation increased C3 and C4 plasma concentrations. Neither fish nor soybean oil changed plasma C3 and C4 concentrations. Therefore, fish oil protection against heart ischaemia injury was not mediated by this complement system. This study has limitations to be considered when interpreting the results reported. Fish oil pretreatment reduced the ω-6/ω-3 PUFA ratio in the LV but did not attenuate the increase in pro-inflammatory cytokine levels induced by MI. The determination of pro-inflammatory eicosanoids in the infarcted area would be desirable to provide better characterization of this scenario. After ischaemic injury, the heart undergoes a long-lasting remodelling process. The beneficial effects of fish oil pretreatment were observed 24 h after infarction only. Additional studies are needed to elucidate the long-term benefits of fish oil pretreatment on MI.
Taken together, fish oil pretreatment, not soybean oil, protected against heart ischaemia, as indicated by a small infarction area and preservation of systolic function (Fig. 9) . These findings were associated with increased LV ATP content and maintenance of the coronary blood flow with no change in pro-inflammatory cytokine levels.
Improvement of Higher Level/Education Personnel (CAPES): RC 88881.068515 and the Guggenheim Foundation supported this study. R.C. is recipient of a scholarship from CNPq. Table S1 . High-performance liquid chromatographic (GC) analysis of the fatty acids of fish and soybean oils. Table S2 . Effects of either fish oil or soybean oil pretreatment on plasma lipid levels at 24 h after sham procedure or infarct induction.
Supporting information
